Abstract-Increasing numbers of wind turbines are being erected. In the near future, they may start to influence the dynamics of electrical power systems by interacting with conventional generation equipment and with loads. The impact of wind turbines on the dynamics of electrical power systems therefore becomes an important subject, studied by means of power system dynamics simulations. Various types of power system dynamics simulations exist and the approach depends on the aspect of power system dynamic behavior being investigated.
Abstract-Increasing numbers of wind turbines are being erected. In the near future, they may start to influence the dynamics of electrical power systems by interacting with conventional generation equipment and with loads. The impact of wind turbines on the dynamics of electrical power systems therefore becomes an important subject, studied by means of power system dynamics simulations. Various types of power system dynamics simulations exist and the approach depends on the aspect of power system dynamic behavior being investigated.
In this paper, the focus is on fundamental frequency simulations, also known as electromechanical transient simulations. In this type of simulation, the network is represented as an impedance matrix and only the fundamental frequency component of voltages and currents is taken into account in order to reduce the computation time. This simulation approach is mainly used for voltage and angle stability investigations. Models of wind turbine generating systems that match the fundamental frequency simulation approach are presented and their responses are compared to measurements.
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NOMENCLATURE

I. INTRODUCTION
A S A RESULT of increasing environmental concern, the impact of conventional electricity generation on the environment is being minimized and efforts are being made to generate electricity from renewable sources. One way of generating electricity from renewable sources is to use wind turbines that convert the energy contained in flowing air into electricity.
Up to this moment, the amount of wind power generation integrated into large-scale electrical power systems only covers a small part of the total power system load. However, a tendency to increase the amount of electricity generated from wind can be observed. Therefore, the penetration of wind turbines in electrical power systems will increase and they may begin to influence overall power system behavior.
To study the dynamics of large-scale power systems, a special simulation approach is used. This approach will further be referred to as fundamental frequency simulation and will be discussed in Section II. To allow the investigation of the impact of high wind power penetrations on electrical power systems, models of wind turbine generating systems must be incorporated in software packages in which the fundamental frequency simulation approach is applied. These models must, of course, match the assumptions and simplifications generally made in fundamental frequency simulations.
Numerous models to represent wind turbine generating systems can be found in the literature. However, most of these cannot easily be used for fundamental frequency simulations either because
• they focus on one subsystem of the wind turbine generating system, such as the generator [1] , [2] , the drive train and mechanical structure [3] , [4] , or the controllers [5] , 0885-8969/03$17.00 © 2003 IEEE [6] , while neglecting the other subsystems, whereas for investigation of the impacts of wind power on power system dynamics complete models are necessary; • they are, although advanced, not very well documented and specified [7] ; • they contain time constants which are too short to be taken into account in fundamental frequency simulations [8] , [9] ; • they model generating systems that are not applied in wind turbines anymore [10] . The contribution of this paper is threefold, because it presents models of widely used generating systems that
• match the assumptions made in the fundamental frequency simulation approach; • contain models of all subsystems that effect the interaction between the wind turbine generator and the grid, which is the main focus in fundamental frequency simulations; • are fully documented, including all subsystems. The model responses to a measured wind-speed sequence are simulated and compared to measurements to investigate the consequences of the applied simplifications and assumptions and the accuracy of the models.
II. FUNDAMENTAL FREQUENCY SIMULATION
Power system dynamics simulation software is used to investigate the dynamic behavior and small signal stability of power systems. A large power system can easily have hundreds or even thousands of states that are associated with branches, with generators and their controllers and, when dynamic load models are used, also with loads. When the aspect of power system behavior that is of interest is characterized by rather low frequencies/long time constants, long simulation runs are required. A simulation run of sufficient length would, however, take a substantial amount of computation time when all fast, high-frequency phenomena would be included in the applied models. This makes it difficult and time consuming to study various scenarios and setups when the investigated power system is large.
To solve this problem, only the fundamental frequency component of voltages and currents is taken into account when studying low-frequency phenomena. This approach enables the representation of the network by a constant impedance or admittance matrix, like in load-flow calculations. The associated equations can thus be solved using load-flow solution methods. Further, the approach reduces the number of differential equations, because no differential equations are associated with the network and fewer with generating equipment and because it enables the use of a larger simulation time step [11] . Examples of a fundamental frequency simulation packages are PSS/E and Eurostag. This type of software can be used when the phenomena of interest have a frequency of about 0.1 to 10 Hz. The typical problems studied using these programs are voltage and angle stability.
When the frequencies of interest are higher, instantaneous value simulation software, such as ATP, EMTP, or the MATLAB Power System Blockset must be used. These packages contain more detailed and higher order equipment models than fundamental frequency simulation software. However, their time step is much smaller and simulation of a large-scale power system in these programs is therefore hardly practically feasible.
Some advanced software packages, such as Power Factory from DIgSILENT, NETOMAC , and Simpow , offer both fundamental frequency and instantaneous value modes of simulation. They may even be able to automatically switch between the fundamental frequency and instantaneous value domains, each with their own models, depending on the simulated event and/or the user's preferences. Fundamental frequency and instantaneous value simulations are also referred to as electromechanical and electromagnetic transient simulations, respectively.
III. WIND TURBINE GENERATING SYSTEM MODELING
A. Wind Turbine Generating Systems
Three different wind turbine generating systems are currently widely applied. The first is the directly grid coupled squirrel cage induction generator, used in constant speed wind turbines. The wind turbine rotor is coupled to the generator through a gearbox. In most turbines using this system, the power extracted from the wind is limited using the stall effect. This means that the rotor is designed in such a way that its aerodynamic efficiency decreases in high wind speeds, thus preventing extraction of too much mechanical power from the wind. When the stall effect is used, no active control systems are necessary. Pitch controlled constant speed wind turbines have, however, also been built.
The second system is the doubly fed (wound rotor) induction generator, which allows variable speed operation. The rotor winding is fed using a back-to-back voltage source converter. Like in the first system, the wind turbine rotor is coupled to the generator through a gearbox. In high wind speeds, the power extracted from the wind is limited by pitching the rotor blades.
The third system is a direct drive synchronous generator, also allowing variable speed operation. The synchronous generator can have a wound rotor or be excited using permanent magnets. It is grid coupled through a back-to-back voltage source converter or a diode rectifier and voltage source converter. The synchronous generator is a low speed multipole generator; therefore, no gearbox is needed. Like in the second system, the power extracted from the wind is limited by pitching the rotor blades in high wind speeds. The three wind turbine generating systems are depicted in Fig. 1 .
B. Modeling Assumptions
In order to keep the data requirements and the computation time within limits, a quasi static approach is used to describe the rotor. This means that an algebraic relation is assumed between the wind speed at hub height and the mechanical power extracted from the wind. More advanced methods, such as the blade element impulse method, require detailed knowledge of aerodynamics and of the wind turbine blade characteristics [12] , [13] . These data will often not be available and the impact on the grid interaction is assumed to be rather limited.
In this paper, models for representing wind turbine generating systems in fundamental frequency simulations are presented. The models must comply with the requirements that result from the principles on which fundamental frequency simulation software is based, as described in Section II. This results in a number of assumptions. The following assumptions apply to the model of each generating system.
• Magnetic saturation is neglected.
• Flux distribution is sinusoidal.
• Any losses apart from copper losses are neglected.
• Stator voltages and currents are sinusoidal at the fundamental frequency. Furthermore, the following assumptions apply to some of the investigated generating systems.
• In both variable speed systems, all rotating mass is represented by one element, the so-called "lumped-mass" representation.
• In both variable speed systems, the voltage source converters with current control loops are modeled as current sources. • In the system based on the doubly fed induction generator, rotor voltages and currents are sinusoidal at the slip frequency.
• In the direct drive wind turbine, the synchronous generator has no damper windings.
• When a diode rectifier is used in the direct drive wind turbine, commutation is neglected. The first of these assumptions is made because the mechanical and electrical properties of variable speed wind turbines are decoupled by the power electronic converters. Therefore, the shaft properties are hardly reflected in the grid interaction, which is the main point of interest in power system studies [14] , [15] .
The next two assumptions are made in order to allow modeling of power electronics in power system dynamics simulation software and are routinely applied in power system dynamics simulations [11] , [16] , [17] . A full converter model would require a substantial reduction of the simulation time step and, hence, does not match the goal of this work. The fourth assumption is made because taking into account the damper windings in the synchronous generator is not necessary. When a back-to-back voltage source converter is used, generator speed is controlled by the power electronic converter, which will prevent oscillations. When a diode rectifier is used, damper windings are essential for commutation. However, commutation is neglected according to the last assumption and, therefore, the damper windings can be neglected as well.
C. Generating System With Squirrel Cage Induction Generator 1) Rotor Model:
The following well-known algebraic equation gives the relation between wind speed and mechanical power extracted from the wind [12] , [13] : (1) with the power extracted from the wind (W), the air density , the performance coefficient or power coefficient, the tip speed ratio , the ratio between blade tip speed (m/s) and wind speed at hub height upstream the rotor (m/s), the pitch angle (deg.), and the area covered by the wind turbine rotor . In case of a stall controlled wind turbine, is left out and is a function of only.
When manufacturer documentation is consulted, it can be concluded that the power curves of individual wind turbines show a high degree of similarity. It is therefore not considered necessary to use different approximations for the curve for different constant speed wind turbines in power system dynamics simulations. Instead, a general approximation can be used. In this paper, the following is used: (2) with (3) The structure of this equation is obtained from [12] but the value of the constants to has been slightly changed in order to get better correspondence with manufacturer data. To minimize the error between the curve found in the manufacturer documentation and the curve obtained using (2) and (3), multidimensional optimization has been applied. Both the original parameters and the parameters used here are given in Table 1 . In Fig. 2 , the power curves of two commercial wind turbines are depicted, together with the generic numerical approximation from Table 1 .
High-frequency wind-speed variations are very local and, therefore, even out over the rotor surface. To approximate this effect, a low pass filter is included in the rotor model. The low pass filter is depicted in Fig. 3 . The value of the time constant depends on the rotor diameter and also on the turbulence intensity of the wind and the average wind speed. For the wind turbines investigated here, has been set to 4 s.
Further, a periodic torque pulsation is added to the torque calculated from the wind speed to represent the tower shadow, which can be clearly distinguished in measurements [7] . The amplitude of the torque pulsation equals 0.1 p.u., its frequency is equal to the number of blades times the rotor frequency, which equals 1.5 Hz in the case of the simulated turbine.
2) Shaft Model: It has been repeatedly argued in the literature that incorporating a shaft representation in a model of a constant speed generating system is very important for a correct representation of the behavior during and after voltage drops and short circuits [7] . A two mass representation has been chosen here, which is described by the following: (4) in which f is the nominal grid frequency, T is torque, is the angular displacement between the two ends of the shaft, is frequency, H is the inertia constant, and is the shaft stiffness. The indexes wt, g, and e stand for wind turbine, generator mechanical, and generator electrical, respectively. All values are in per unit, apart from , and f, which are in per unit/el. rad., deg., and Hertz, respectively.
The resonance frequency of the shaft torsional mode has been experimentally determined as 1.7 Hz [7] . When resonance frequency and the inertia constants of the generator and the turbine rotor are known, can be calculated.
3) Generator Model:
The generator in the constant speed generating system is a squirrel cage induction generator, whose stator transients are neglected as is normal in fundamental frequency simulations [11] . The following voltage-current relationships apply in the dq reference frame, using the generator convention: (5) in
The electrical torque is given by
The rotor flux components in (6) are state variables as can be seen from (5). The calculation of their initial values is discussed in [19] . The equation of motion is (7) The values of the various parameters are dependent on the generator rating and can be derived from tables and graphs [12] . The generator parameters used in this paper are given in Table  2 . The compensating capacitors depicted in Fig. 1 are included in the grid model and are, therefore, not represented in the above equations that describe the constant speed generating system.
D. Generating System With Doubly Fed Induction Generator 1) Rotor Model:
Again, a numerical approximation of the curve has been developed using manufacturer documentation and multidimensional optimization. The values for the parameters in (2) and (3) can be found in Table 1 . In the upper graph of Fig. 4 , the resulting power curve is depicted, together with the power curves of two commercial variable speed wind turbines. The pitch angle deviation necessary to limit the power to the nominal value is depicted in the lower graph of Fig. 4 .
Again, the low-pass filter depicted in Fig. 3 has been included in order to represent the smoothing of high-frequency windspeed components over the rotor surface. No tower shadow representation and shaft model have been included, because in variable speed wind turbines, the tower shadow and the torsional resonance of the shaft are hardly reflected in the output power, due to the decoupling of electrical and mechanical behavior by the power electronics [14] , [15] .
2) Model of Generator and Converter:
The following equations describe the behavior of a doubly fed induction generator, again using the generator convention: 
TABLE II SIMULATED INDUCTION GENERATOR PARAMETERS
In this equation, the terms in both the stator and rotor voltage equations are neglected. The stator transients are always neglected in fundamental frequency simulations [11] . The rotor transients are neglected because they are counteracted by the current control loops of the voltage source converter feeding the rotor winding. The current control loops have time constants that are well outside the bandwidth of interest in power system dynamics simulations. Therefore, the voltage source converter is modeled as a current source and the terms in the rotor voltage equations are neglected [17] , [18] .
The generated power is divided between the stator and the rotor (9) in which P stands for active power. The torque equation and equation of motion are identical to (6) and (7) for the constant speed wind turbine. The rotor flux linkages occurring in (6) can be calculated with the following: (10) The generator parameters are given in Table 2 . The power electronic converter is represented by the following: (11) in which Q is reactive power in per unit and the index c stands for converter. From (11) , it can be concluded that the power from the rotor circuit is injected into the grid and that the grid side of the converter is operated at unity power factor.
3) Rotor Speed Controller: In variable speed wind turbines, the rotor speed is controlled in order to obtain maximum energy yield. To this end, the tip speed ratio is kept at the value that leads to the optimal , while keeping the rotor speed within limits of the turbine [6] , [15] , [19] . From the actual value of the rotor speed, the wind speed that would correspond to the optimum value of is calculated. Then, the power that would be generated at this wind speed is calculated by substituting the wind speed in (1), together with the optimum value of . This amount of power is then drawn from the generator by controlling the rotor current accordingly. The resulting power versus speed control characteristic is depicted in Fig. 5 .
Without loss of generality, it can be assumed that the generator has its own dq reference frame in which the maximum of the stator flux coincides with the d-axis. To that end, the voltages and currents that are exchanged between the dynamics module and the load flow module of the software must be rotated with the angle of the bus to which the doubly fed induction generator is connected [20] . When thereafter (6), (8) , and (10) are combined and the stator resistance is neglected, the following gives the relation between the quadrature component of the rotor current and the electro mechanical torque: (12) Equation (12) together with the actual value of the rotor speed can be used to control the generator power according to the control characteristic depicted in Fig. 5 .
4) Pitch Angle Controller:
When the wind speed is higher than the nominal value, the blades are pitched in order to limit the power extracted from the wind and the rotor speed. From  Fig. 4 , it can be concluded that the optimal pitch angle is approximately zero below the nominal wind speed and from there on increases steadily with increasing wind speed. This observation greatly facilitates pitch control.
It should be taken into account that the pitch angle cannot change immediately, but only at a finite rate, which may be quite low because of the size of the rotor blades of modern wind turbines and the desire to save money on the blade drives. Here, the maximum rate of pitch angle change is set to 3 /s and the sampling time with which the rotor speed is sampled equals 0.5 s. In Fig. 6 , the pitch angle controller is depicted.
A proportional controller is used because • a slight overspeeding of the rotor above its nominal value can be allowed [21] ; • the system is never in steady state due to the varying wind speed, so that the advantage of an integral controller, which can achieve zero steady state error, is not applicable.
E. Generating System With Direct Drive Synchronous Generator 1) Rotor Model:
The model of the rotor used in the generating system with direct drive synchronous generator is identical to that used in the doubly fed induction generator-based system. It was discussed above in Section IV-D-1.
2) Model of Generator and Converter:
The following describe a wound rotor synchronous generator in the dq reference frame, taking into account the above assumptions: (13) The index fd indicates field quantities. Note that for the stator equations, the generator convention is used (i.e., positive currents are outputs). All quantities in (13) are in per unit values.
In case of a permanent magnet rotor, the third and sixth equation in (13) , which are referring to field quantities, disappear and the upper equation becomes (14) in which equals the amount of flux of the permanent magnets mounted on the rotor that is coupled to the stator winding. The following gives the electromechanical torque: (15) The equation of motion is given by (7) .
As can be concluded from (13) , the terms in the stator voltage equations are neglected. The associated time constants are small and taking them into account would result in the need to develop a detailed representation of the power electronic converter, which would include phenomena well outside the bandwidth of interest. Therefore, the power electronic converter is represented as a fundamental current source and the terms in the stator equations are neglected [18] . An instantaneous value model of this generating system can be found in the literature [8] .
Active and reactive power of the direct-drive synchronous generator are given by (16) It has to be noted that the generator is fully decoupled from the grid by the power electronic converter. Therefore, the power factor of the generator does not effect the reactive power factor at the grid connection, because the latter is determined by the grid side of the converter and not by the operating point of the generator. The second equation of (16) is, therefore, of limited interest when the grid interaction is studied, but is important when dimensioning the converter. The generator parameters are given in Table 3 .
The following apply to the grid side of the power electronic converter: (17) Since the grid side of the converter is equipped with current control loops, both active and reactive power output can be easily controlled using (17) .
3) Rotor Speed Controller: The rotor speed versus control characteristic is identical to that used in the system with the doubly fed induction generator. However, different equations apply to the power drawn from the generator. The exact control approach depends on the generator and converter type. Four cases can be distinguished and are applied in practice, namely
• wound rotor generator with diode rectifier;
• permanent magnet generator with diode rectifier;
• wound rotor generator with voltage source converter;
• permanent magnet generator with voltage source converter. When a diode rectifier is used, the generator power factor equals unity when commutation is neglected. In the upper equation of (13), the term or in (14) the term is known. The excitation current follows from the excitation voltage, which depends on the control strategy. Excitation control can (e.g., aim at generator loss minimization [22] ). In a permanent magnet generator, the flux linkage of the permanent magnets is determined by the generator design. Further, the desired active power P is known, because it is derived from the actual value of the rotor speed , according to Fig. 5 . The following four equations with four unknowns result for a synchronous generator with a wound rotor:
For a synchronous generator with permanent magnets, the second equation becomes (19) Equation (18) or (19) can be solved, after which the d and q components of stator voltage and current are known. By controlling the stator voltage of the generator accordingly, the desired operating point can be reached. When instead of a diode rectifier, a back-to-back voltage source converter is used, not only the active power P but also the reactive power Q can be determined by the user. The last equation of (18) changes to (20) The other equations remain unchanged and again a system with four equations and four unknowns results.
When a back-to-back voltage source converter is used, not the stator voltage, but the stator currents are controlled. When the terms in the stator voltage equations are neglected, there is no difference between controlling the stator voltage and the stator current, as there is an algebraic relation between them. However, in more detailed investigations, in which e.g., the interaction between the generator and the converter is the topic of interest, substantial differences can be observed.
4) Pitch Angle Controller:
The pitch angle controller used in the generating system with a direct drive synchronous generator is identical to that used in the generating system based on the doubly fed induction generator. The model was discussed above in Section IV-D-4.
IV. SIMULATION RESULTS
A. Introduction
In this section, the model's responses to a measured wind speed sequence will be investigated and compared to measurements. The measurements have been obtained from wind turbine manufacturers under a confidentiality agreement. Therefore, all values except wind speed and pitch angle are in per unit and their base values are not given.
The available measurements cannot readily be used for a quantitative validation of the model. This is caused by the fact that the wind speed is measured using a single anemometer, whereas the rotor has a large surface and by the fact that the measured wind speed is severely disturbed by the rotor wake, because the anemometer is located on the nacelle. The wind speed measured by the anemometer is thus not a good indication of the wind speed acting on the rotor as a whole.
It is, therefore, not allowed to use the wind-speed sequence measured by the anemometer as the model's input and to validate the model by comparing the measured and simulated response to that wind-speed sequence quantitatively. Instead, only Fig. 7 . Simulated responses to a measured wind speed. Starting from above: measured wind speed and simulated rotor speed, pitch angle, and output power. The meaning of the curves is indicated in the graphs. a qualitative comparison is carried out and the same measured wind-speed sequence is used for all simulations.
B. Simulation Results
The characteristics of the simulated wind turbine are given in Table 4 . In the upper graph of Fig. 7 , a measured wind-speed se- quence is depicted. Then, the simulated rotor speed, pitch angle, if applicable, and the output power are depicted for each of the generating systems. The meaning of the curves is indicated in the graphs. By using a measured wind-speed sequence, the quite complex problem of modeling a wind-speed signal is avoided.
C. Measurements
In the upper graph of Fig. 8 , three measured wind-speed sequences are depicted. Then, the measured rotor speed and pitch angle of both a variable speed wind turbine with doubly fed induction generator and with a direct drive synchronous generator are depicted. In the lower graph, the measured output power of all three turbines is depicted. The rotor speed of the constant speed wind turbine was not measured and is therefore not depicted. The meaning of each of the curves is again indicated in the graphs.
D. Analysis of Results
From the simulation results depicted in Fig. 7 , the following can be concluded.
• Particularly short-term (seconds) output power fluctuations are more severe in case of a constant speed wind turbine than in case of both variable speed wind turbines. This is caused by the functioning of the rotor as an energy buffer in the variable speed wind generating systems.
• The response of the variable speed wind turbines is similar, which can be explained by noticing that their behavior is for the largest part determined by the controllers, which are identical. These findings also apply to the measurements depicted in Fig. 8 .
When the simulated and measured responses are compared, the following can be seen.
• The range of the measured and simulated rotor speed fluctuations of the variable speed turbines are similar (they fluctuate in a band of about 0.1 p.u. width).
• Measured and simulated pitch angle behavior are similar with respect to the rate of change ( 3-5 /s) and the minimum ( 0 ) and maximum value ( 6 ).
• The range of the measured and simulated output power fluctuations of the constant speed wind turbine and of the wind turbine with doubly fed induction generator are similar (they fluctuate in a band of 0.3-0.4 p.u. width).
• The rate of change of the measured and simulated output power fluctuations of the constant wind turbine shows differences. However, it can be seen that there is a rather poor correlation between the measured wind speed and output power in case of the constant speed wind turbine. The observed discrepancies between measurement and simulation are, therefore, at least partly caused by inaccuracies in the measurements, rather than by the model. • The range of the measured ( 0.2 p.u.) and simulated ( 0.4 p.u.) output power fluctuations of the wind turbine with direct drive synchronous generator is different. This is due to the fact that the direct drive wind turbine is only exposed to rather high wind speeds in the measurements, whereas in the simulation, also lower wind speeds occur. Although, for reasons pointed out above, a quantitative validation of the models is not possible with the available measurements, this qualitative comparison gives at least some confidence in the accuracy and usability of the derived models and shows that the consequences of the assumptions and simplifications applied in modeling the rotor, the generator, and the controllers are limited.
V. CONCLUSION
In this paper, models of the three most important contemporary wind turbine generating systems were presented. The models are suitable for investigating the impact of large-scale connection of wind power on the dynamic behavior of electrical power systems. They match the simplifications applied in fundamental frequency simulations and all subsystems that determine the grid interaction are included in the models.
When the response of the models to a measured wind-speed sequence is compared with measurements, an acceptable degree of correspondence can be observed. This gives confidence in the derived models and shows that the consequences of the applied simplifications are acceptable.
